Polybrominated diphenyl ethers (PBDEs), chemicals commonly used as flame retardants, are ubiquitous in the environment and bioaccumulate in humans and wildlife. However, little is known about their potential toxicological properties. In the present study, male Long-Evans rats orally administered the commercial PBDE mixture DE-71 or corn oil for 1 week, beginning at postnatal day (PND) 6, were tested on a visual discrimination task and two sustained attention tasks. After completion of these tasks, the rats were administered a drug challenge with the muscarinic antagonist scopolamine (0, 0.01, 0.03, 0.05 mg/kg), which was injected subcutaneously 30 min prior to testing on the second sustained attention task. The DE-71-exposed rats demonstrated deficits in learning but not in sustained attention when compared to controls. Scopolamine impaired the animals' ability to detect the brief visual cues in controls, as evidenced by decreases in accuracy and increases in omission errors. However, the DE-71-exposed rats were subsensitive to the effects of scopolamine on omission errors, particularly on trials in which a long delay preceded the cue, suggesting alterations in the cholinergic modulation of sustained attention. For the DE-71-exposed rats, the lack of sustained attention deficits in the absence of the drug, coupled with the subsensitivity to scopolamine's effects on sustained attention, suggest that although this PBDE mixture produced lasting alterations in cholinergic functioning, either (1) these alterations were not of sufficient magnitude to be behaviorally relevant, or (2) behavioral deficits resulting from these alterations were overcome by the development of compensatory neural mechanisms or response strategies in adulthood.
INTRODUCTION
Polybrominated diphenyl ethers (PBDEs) are flame retardants commonly added to polymers for the manufacture of electrical appliances, carpets, and polyurethane foam. Their use has increased sharply in the last 20 years (Hale et al., 2003) , and they now account for nearly 40% of worldwide flame retardant production . Because PBDEs are easily released into the environment, they are commonly detected in sediment, surface waters, sewage sludge, house dust, air, and on computers and electronics (e.g., Oros et al., 2005; Schecter et al., 2005) . Because they are lipophilic, they also accumulate in fatty tissue and have been found in high concentrations in blood, milk, and adipose tissue in humans (Schecter et al., 2003 ; for a review, see Domingo, 2004) .
Polybrominated diphenyl ether congeners differ according to the number (1-10) and position of bromine atoms attached to their aromatic rings. Commercial PBDE mixtures consist of several of the congeners. For example, the penta mixture DE-71 contains primarily tetra-, penta-, and hexa-BDEs; the hexa mixture DE-79 contains primarily hexa-and octa-BDEs; and the deca mixture DE-83R contains primarily deca-BDEs. However, although deca-BDEs are the most highly produced, congeners with lower molecular weights (e.g., the tetra-, penta-, and hexa-BDE congeners BDEs 47, 99, 100, and 153) are the most commonly detected forms of PBDEs in human tissue (Mazdai et al., 2003) . Because over 95% of the worldwide use of penta-BDEs occurs in the United States (Hites, 2004) , it is not surprising that breast milk in North American women harbors PBDE levels from 3 to one 100 times higher than that tested elsewhere in the world (She et al., 2002) .
Polybrominated diphenyl ethers are structurally similar to polychlorinated biphenyls (PCBs) and have been found to share some of their toxicological properties. Commercial PBDE mixtures induce phase I (EROD and PROD) and phase II (UDGPT) hepatic enzyme activities (Fowles et al., 1994; Stoker et al., 2004) , increase protein kinase C translocation, inhibit microsomal and mitochondrial Ca 2þ uptake (Kodavanti and Ward, 2005) , and bind to both androgen and estrogen receptors (Meerts et al., 2001; Stoker et al., 2005) . Also, like PCBs, they have been shown to disrupt the activity of thyroid hormones. Rodents exposed to PBDEs for a brief period in postnatal development demonstrate significant decreases in plasma thyroxine (T4) levels (Hallgren et al., 2001; Zhou et al., 2001) . The decrease may be due in large part to the ability of PBDEs to induce certain phases of hepatic enzyme activity, leading to an increased catabolism of T4 (Zhou et al., 2002) .
The disruption of thyroid homeostasis induced by PBDE exposure can potentially have serious consequences for nervous system development. Thyroid hormones serve an important role in neural development by regulating many other hormones and growth factors in the brain, in effect modulating the developmental timing of neuronal and glial proliferation, migration, and differentiation (e.g., Auso et al., 2004) . As such, rodents with experimentally induced hypothyroidism during development exhibit general neural abnormalities such as delayed myelination and decreased synaptic connectivity (Figueiredo et al., 1993) , as well as aberrations in the development of the dopaminergic (Vaccari et al., 1990) and cholinergic systems. The cholinergic system, which reaches peak maturation levels during the first few postnatal weeks in rodents (Gould et al., 1991; Oh et al., 1991) , is particularly sensitive to thyroid hormone levels, possibly because of the thyroid hormone regulation of nerve growth factor and the TrkA and p75 nerve growth factor receptors (Alvarez-Dolado et al., 1994) . Neonatal hypothyroidism in rodents decreases choline acetyltransferase (ChAT) activity in the striatum and prefrontal cortex Sawin et al., 1998) of the brain, retards cholinergic cell body growth (Gould and Butcher, 1989) , and possibly leads to a permanent decrease in cholinergic neuron density (Sawin et al., 1998) .
Given the thyroid hormone-disrupting effects of PBDEs in the developing brain, as well as the known effects of hypothyroidism on development of the cholinergic system, it is not surprising that lasting effects of early PBDE exposure have been found on nicotinic cholinergic receptor numbers in the hippocampus (Viberg et al., 2003) and in locomotor responses to nicotine in mice . In addition, PBDE-induced cholinergic dysfunction may underlie the slowed Morris water maze acquisition observed in mice neonatally exposed to the hexa-BDE PBDE 153 (Viberg et al., 2003) . However, to date behavioral studies of the effects of PBDEs have focused primarily on general activity measures (Branchi et al., 2002; Eriksson et al., 2002; Viberg et al., 2003 Viberg et al., , 2004 rather than using tests specific for functions that uniquely depend upon intact cholinergic functioning.
The present study was designed to provide new information about the lasting effects of brief postnatal PBDE exposure on cognitive functions modulated by the cholinergic system, including the detection, sustained attention to, and processing of visual stimuli (Bucci et al., 1998; McGaughy et al., 1994) , and the ability to learn visuospatial discrimination problems (Ridley et al., 1999) . Rodents were administered the penta mixture DE-71 at a dose of 30 mg/kg (a dose that had previously been shown to temporarily suppress T4 levels; Zhou et al., 2002) dissolved in corn oil, or corn oil alone, for 1 week during peak cholinergic system development (postnatal day 6 through postnatal day 12), and visual discrimination learning and visual attention were assessed in adulthood. In addition, because attentional orienting and sustained attention are sensitive to alterations in muscarinic cholinergic function (Jones and Higgins, 1995; Ruotsalainen et al., 2000) , a drug challenge study with the muscarinic antagonist scopolamine was conducted to provide a dynamic assessment of PBDEinduced alterations in the cholinergic modulation of attention.
MATERIALS AND METHODS
Subjects/DE-71 exposure. Sixteen timed-pregnant Long-Evans rats were obtained from Harlan Sprague-Dawley (Indianapolis, IN) and were housed singly in polycarbonate cages. The animals were given unlimited access to tap water and standard laboratory chow (LabDiet 5001; PMI Nutrition International, Richmond, IN) and were kept on a 9:15 light-dark cycle, with lights on at 0900. At parturition, assigned postnatal day (PND) 0, the litters were culled to nine pups, with an attempt to maintain a fairly equal sex ratio. No litter containing fewer than six pups was used.
Two males were randomly selected from each litter for behavioral testing. From PND 6 to PND 12, one of the pups was daily administered the commercial PBDE mixture DE-71, whereas the control pup was administered corn oil. The DE-71(lot 7550OK20A), generously donated by Dr. Kevin Crofton of the U.S. Environmental Protection Agency, contains approximately 25% tetra-BDE, 50-60% penta-BDE, and 4-8% hexa-BDE (Sjodin, 2000) . The DE-71 stock solution (300 mg/ml) was prepared by mixing the compound with corn oil and sonicating for 30 min at 40°C. The dosing solution was prepared by diluting the stock solution with corn oil to a concentration of 10 ml/mg. The control and experimental solutions were administered orally via a metal gastric tube at a volume of 3 ml/kg of body weight, resulting in a daily DE-71 dose of 30 mg/kg of body weight for the experimental pup.
Upon weaning (PND 21), each pup was housed in a pair with its littermate from the opposite treatment group. Pups were gradually food restricted to 15 g of chow per day on PND 25 and 10 g of chow per day on PND 28. From this point forward, all pups were housed singly. From the onset of behavioral testing (PND 30) through the end of the experiment (ranging from PND 70 to PND 83), daily chow allotments were adjusted individually based on trial completion rates to maintain the animals' motivation while still allowing for normal growth (at least 2 g per day). If an animal did not complete all 100 trials within 60 min for 2 days in a row, the daily food allotment was decreased by 1 g. If, on the other hand, the animal did not gain at least 2 g of weight per day for 2 days in a row (regardless of motivation level), the daily food allotment was increased by 1 g. This food restriction procedure resulted in body weights that were 85% of ad libitum weights. All animal care and experimental procedures were conducted in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH Publication No. 85-23, revised 1996) .
Apparatus. Testing was conducted in four Plexiglas chambers (ENV-008, Med Associates, Inc., St. Albans, VT), each measuring 30.5 3 24 3 34.5 cm and enclosed in a sound-attenuating exterior box. The chambers were modeled after the 5-choice serial reaction time task chambers described elsewhere (Carli et al., 1983) . Embedded in one wall of the main chamber, 2.5 cm above the floor, was a square alcove (5 cm wide 3 5 cm tall). A motorized guillotine-type door controlled nosepokes into the alcove, where a sweetened 45-mg reward pellet (Noyes formula AIN-76A; Research Diets, Inc., Lancaster, PA) was dispensed for each trial in which a correct response (a port nosepoke) was made. An automated pellet dispenser (ENV-203-451R, Med Associates, Inc.) delivered the pellets to the alcove from outside the chamber. Extending 1 cm deep from the curved wall opposite the alcove were five square ports (2.5 3 2.5 cm), 2.5 cm above the floor. Nosepokes into the alcove and the ports were detected by infrared photodiodes positioned just inside the openings of each. Each port was outfitted with a yellow light-emitting diode (LED) embedded in EARLY PBDE EXPOSURE, LEARNING, AND ATTENTION the back wall. Illumination of these LEDs constituted the visual cue to which animals were trained to respond. A 4W house light, situated above and to the left of the alcove, was illuminated for most of the session but was extinguished for 5 s upon the commission of an error (an event termed a ''timeout''). If the rat made a nosepoke in a port during a timeout, the 5 s timer was reset, the house light remained extinguished, and no rewards were delivered. An infrared video camera was located above each chamber to monitor behavior.
Behavioral testing. Testing took place 6 days per week, with each testing session lasting 100 trials or 60 min, whichever came first. Each trial began with the opening of the guillotine door and the rat's nosepoke into the alcove (initiation) and ended with either a timeout or the rat's retreat from the alcove after reward delivery.
Each rat was first given a series of four training tasks to shape the sequence of responses that constituted a trial: initiation of the trial by poking into the alcove, followed by turning around and making a nosepoke into one of the ports, followed by receipt of a reward in the alcove. The criterion to proceed from one step to the next was the attainment of 100 reward pellets within a single 60-minute session. In the first task, the animal was trained to poke its head into the alcove to obtain a reward, with the door remaining open throughout the session. In the second task, the animal learned that the opening of the door signaled availability of reward. The door closed 3 s after the pellet was dispensed and reopened 2 s later for the beginning of the next trial. The third shaping task trained the animal to initiate a trial at the alcove, turn around, and make a nosepoke into any of the five ports before being rewarded. The purpose of the fourth and last shaping task was to give the rat equal experience with each of the five ports, so that port biases (i.e., responding preferentially to some ports over others) could be minimized. Four of the five ports were covered during each session, forcing the rat to poke into the same port for all 100 trials. A different port was uncovered on each subsequent training session until the rat reached the performance criterion of 100 total responses for each of the five ports.
Once reliable nosepoke responding had been established, the rats progressed through a series of 5-choice visual discrimination tasks. For these and subsequent tasks, initiation at the alcove was followed by a 2-s delay before any visual cues were presented; this allowed the animal time to turn around and orient itself toward the ports. For the first discrimination task, the light cue appeared inside one of the five ports for 15 s or until a response was made, whichever came first. To receive a reward, the rat was required to poke in the illuminated port sometime between the cue onset and within 5 s after the cue offset (the ''limited hold'' period). The location of the visual cue on a given trial was pseudo-randomized such that each port was chosen randomly without replacement until all five ports had been chosen; the cycle was then reset for the next five trials. The animals were required to obtain a performance criterion of at least 80% correct for two out of three sessions of 100 trials each before advancing. The two subsequent tasks were similar to the visual discrimination task but had briefer cue durations of 5 s and 1 s. The rat received one and three sessions on each of these tasks, respectively.
In the sustained attention task that followed (Sustained Attention Task 1), the 1-s visual cue occurred unpredictably, with a pre-cue delay of 0, 3, or 6 s (in addition to the 2-s ''turnaround'' period), thus requiring the animal to sustain attention across the five ports for an indeterminate period of time. The delay on a given trial varied pseudo-randomly, as did the location of the cue. The animals were given 10 sessions on this task. The final sustained attention task, Sustained Attention Task 2, included the same variable pre-cue delays but also incorporated variable cue durations of 200 ms, 500 ms, and 800 ms. After 10 sessions on this task, the rats were administered the drug challenge.
Drug challenge. For the drug challenge phase, the rats were administered Sustained Attention Task 2 only 4 days per week (Monday, Tuesday, Thursday, and Friday) in order to minimize overpractice in the task. Scopolamine hydrochloride (Sigma Aldrich, Inc., St. Louis, MO) was dissolved in sterile water at concentrations of 0, 0.01, 0.03, and 0.05 ml/mg and filtered through a .2-lm filter. Each animal received one of these doses subcutaneously in a volume of 1 ml/kg body weight 30 min prior to testing to allow time for peak plasma levels to be achieved (Ali-Melkkila et al., 1993) . Each animal received each of the four doses twice; the dosing order was assigned according to a Latin-square design, which assured that each rat received each of the four doses once in a random order, followed by the same four doses in a different randomized order. Because receptor upregulation can occur with closely spaced scopolamine administrations (Sutin et al., 1986) , drug administrations took place only twice per week (on Tuesday and Friday). Animals completed one testing session without drug administration the day before each drug testing session. Differences in the response to scopolamine between control and DE-71-exposed rats were interpreted as evidence for DE-71-induced alterations in the cholinergic modulation of performance.
Dependent measures. For each session, the rates of specific error types were calculated. A premature response was a response made before the onset of the cue light, indicating a failure of inhibitory control. A response made after the onset of the cue light but at a non-illuminated port was deemed an inaccurate response. Finally, a failure to make a nosepoke response into any port within 5 s after cue onset was scored as an omission error. Both omission errors and inaccurate responses reflected lapses of attention. Percent accuracy was defined as the number of correct responses over the number of all ''timely'' responses (i.e., responses made after cue onset and before 5 s following cue offset).
Three latency measures were also recorded. Initiation (alcove) latency, the time between the end of the previous trial and the rat's initiation of a new trial, reflected the animal's motivation, as did the reward latency, the time between the animal's correct response and its retrieval of the reward pellet. The time between cue onset and the animal's nosepoke in the correct port, the response latency, revealed the animal's information processing speed, in addition to its motivation. 
RESULTS
Body weights did not differ significantly between PBDE (DE-71) rats and control rats at PND 6, 12, 21, or 30, or at three randomly selected intervals during the visual discrimination and sustained attention tasks (all p > .05). However, by the time the drug challenge began, the DE-71 rats weighed significantly more than the controls, t(13) ¼ 2.92, p < .05.
For the sake of brevity, only the results for the visual discrimination task, Sustained Attention Tasks 1 and 2, and the drug challenge are presented below.
Visual Discrimination Task
The PBDE animals required significantly more trials to reach criterion (2 sessions out of 3 with 80% correct responses or better) than did control animals, t(13) ¼ 2.68, p < .05, and they committed more errors than controls before reaching criterion, t(13) ¼ 2.27, p < .05. These treatment differences persisted after removal of one outlier from the data set, a DE-71-exposed rat that required a large number of sessions to meet criterion. Analyses of the first 5 days of the task alone revealed treatment by day interactions for accuracy, F(4,8) ¼ 4.09, p < .05, and omission error rate, F(4,8) ¼ 4.76, p < .05. Pairwise comparisons revealed that the impaired performance exhibited by the DE-71 rats was due to increased omission error rates compared to controls on days 2 through 4 of the task (all p < .05; see Fig. 1a ), and to decreased percent accuracy of responses on days 4 and 5 of the task (both p < .05; see Fig. 1b ).
Despite these treatment differences in performance variables, the DE-71-exposed rats did not differ from controls on any latency measure (all p > .05; see Figure 1c for reward latency).
Sustained Attention Task 1
For this task, the imposition of the variable pre-cue delays affected performance. As the delay increased, percent accuracy decreased, F(2,26) ¼ 59.34, p < .05, and frequency of omission errors and premature responses increased, F(2,26) ¼ 6.60, p <.05, and F(2,26) ¼ 140.22, p < .05, respectively (data not shown).
There were no main effects of treatment on performance in this task (all p > .05), nor were there treatment by delay interactions for accuracy, omission errors, or premature responses. Furthermore, the DE-71-exposed and control rats did not differ on any latency measure.
Sustained Attention Task 2
The addition of both unpredictable pre-cue delays and unpredictable cue durations had a significant effect on performance. For most measures, as the delay increased, performance declined (all p < .05), and frequency of premature responses increased, F(2,26) ¼ 146.96, p < .05. The exception to this pattern was percent omission errors, which declined with increasing delay, F(2,26) ¼ 20.27, p < .05. For all measures, performance was impaired with shorter cue durations. A main effect of duration was found for percent accuracy, F(2,26) ¼ 251.03, p < .05, and omission errors, F(2,26) ¼ 61.55, p < .05. There were significant interactions between delay and duration for accuracy and omission errors (see Fig. 2 for omission errors), F(4,52) ¼ 22.93, p < .05, and F(4,52) ¼ 24.51, p < .05, respectively. The shorter cue durations impaired performance more at the 0-s delay than at the 3-and 6-s delays. 
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DE-71-exposed and control rats did not differ on performance or latency measures, nor were there any interactions between treatment and delay or duration for any measure in this task (all p > .05).
Sustained Attention Task 2 with Drug Challenge
Scopolamine dose-dependently increased omission error rate in Sustained Attention Task 2, as evidenced by a main effect of drug dose, F(3,39) ¼ 11.18, p < .05. A main effect of scopolamine on accuracy was also observed, F(3,39) ¼ 10.85, p < .05, although the only significant impairment in performance (compared to vehicle) was at the highest dose. Premature response rate was unaffected by the drug. Although there were significant main effects of dose for alcove latency, F(3,39) ¼ 2.86, p < .05, correct response latency, F(3,39) ¼ 2.94, p < .05, and reward latency, F(3,39) ¼ 3.21, p < .05, none of the scopolamine doses differed significantly from the vehicle dose for any measure.
A significant dose by delay interaction was observed for accuracy, F(6,78) ¼ 2.81, p < .05 (Fig. 3a) . Performance on trials with a 0-s delay was impaired by the highest dose of scopolamine (p ¼.014 for vehicle vs. high dose); trials with a 3-s delay were unaffected by any dose of the drug; and trials with a 6-s delay were improved by the medium dose (p ¼.038 for vehicle vs. medium dose). There were no dose by delay or dose by duration interactions for any dependent measure.
The DE-71-exposed rats were subsensitive, when compared to controls, to the effects of scopolamine on omission errors (treatment by dose interaction, F(3,39) ¼ 2.73, p ¼.05; see Fig.  3b ). For the control rats, all scopolamine doses, when compared to the vehicle dose, increased the frequency with which they missed the visual cue (all p < .05), but for the DE-71 rats, none of the scopolamine doses differed significantly from the vehicle dose. When directly comparing the two treatment groups, the DE-71-exposed rats demonstrated fewer omission errors than controls at the middle (p ¼ .031) and high (p ¼ .019) doses. The nature of the DE-71-exposed rats' subsensitivity to scopolamine was further elucidated by a three-way interaction between treatment, dose, and delay, F(6,78) ¼ 3.75, p < .05: the subsensitivity was specific to the longer delays, particularly for the highest scopolamine dose (see Fig. 3c for pairwise comparisons).
The DE-71-exposed and control rats did not show differential sensitivity to scopolamine (no treatment by dose interactions) in terms of accuracy, premature responses, or latency measures.
DISCUSSION
In the present study, brief exposure to DE-71 in the second postnatal week of life impaired learning of the visual discrimination task but did not alter sustained attention or inhibitory control. Despite the lack of a treatment effect on attention in the absence of the drug, the DE-71-exposed animals showed a blunted response to the effects of scopolamine on omission errors in the drug challenge. Each of these effects will be discussed below. (C) Percent omission errors by PBDE-exposed and control rats as a function of scopolamine dose and pre-cue delay, collapsed across pre-cue delay and cue duration. * ¼ p < .05, PBDE vs. control.
Effects of PBDE Exposure on Visual Discrimination Learning
As adults, rats exposed to DE-71 for 1 week postnatally required more trials and errors to learn the visual discrimination task than did the control animals. Analyses of response types revealed increased rates of both omission errors and inaccurate responses in the DE-71-exposed rats. This finding is consistent with learning impairments in the Morris water maze previously reported in rats orally exposed to 0.9 or 9.0 mg BDE 153/kg on PND 10 (Viberg et al., 2003) . However, PBDE exposure has not always been reported to impair learning. Eriksson et al. (2001) found no learning deficit during the acquisition phase of the Morris water maze test in mice administered a single dose of BDE 99 neonatally. Although the nature of these inconsistent findings is unknown, the discrepancy may be due to differences in species or exposure paradigms between studies. For example, mice excrete BDE 47, the most common PBDE congener found in animal tissue, more rapidly than do rats (Orn and Klasson-Wehler, 1998) . Also, the PBDE exposure in the present study differed in two ways: (1) the compound was a commercial mixture of several PBDE congeners, so the observed effects cannot be attributed to a particular congener (or even to possible contaminants that the mixture may contain); and (2) administration occurred over the period of 1 week, compared to a single administration in the earlier study (Eriksson et al., 2001) .
The specificity of treatment differences in this task provide evidence for lasting effects of DE-71 on learning and rule out potential differences in motivation and information-processing speed. On sessions 2 through 5, error rates were higher in the DE-71-exposed rats than in controls: the exposed animals responded less accurately and made more omission errors, suggesting that it took them longer to learn the rules of the task. In contrast, the lack of treatment differences in alcove latency, correct response latency, and reward latency measures reflects that the DE-71-exposed animals were adequately motivated. In addition, they responded as quickly as controls on trials in which a response was made, suggesting that information processing was not slowed.
Effects of PBDE Exposure on Attention
Attention consists of overlapping processes such as attentional orientation and engagement, selective attention, and sustained attention (Behrmann and Haimson, 1999; Berger and Posner, 2000; Bushnell et al., 2000) . The two sustained attention tasks used in the present study were designed to assess rapid attentional orienting and the ability to sustain spatial attention divided among many locations over many trials (Robbins, 2002) . As was evidenced by significant effects of pre-cue delay and cue duration on performance measures (accuracy, omission error rate, premature response rate), the tasks successfully tapped attentional function. It is notable, therefore, that early DE-71 exposure did not alter performance in either task. There are three possible explanations for this result, the most obvious of which is that the neural systems that mediate attentional performance were not damaged by early DE-71 exposure. Another possibility is that because the rats were administered a large number of trials for each task, the DE-71-exposed animals may have had the opportunity to compensate for attentional deficits through the adoption of response strategies. However, this is unlikely, because analyses of the first session of each of the tasks alone revealed no performance differences between DE-71 and control rats (data not shown). Finally, it is possible that early DE-71 exposure did produce damage to one or more neural systems mediating attention, but that redundant, undamaged systems compensated for the lost function (see below for additional discussion on this issue). Additional research is needed to elucidate the most likely of these possibilities.
Effects of Scopolamine on Visual Attention
Forebrain cholinergic activity, particularly that arising from the cholinergic nucleus basalis projections to neocortex, is essential for optimal attentional performance. Excitotoxic (Robbins et al., 1989) and immunochemical (Risbrough et al., 2002) lesions of the cholinergic basal forebrain, or blockage of the high-affinity choline uptake transporter (Muir et al., 1992) dramatically reduce cortical cholinergic activity and impair performance in tasks similar to the ones used in the present study. Therefore, as was expected, scopolamine, a muscarinic cholinergic antagonist, dose-dependently increased omission error rate in the second sustained attention task. Evidence for the effect of scopolamine on attentional orienting was seen with response accuracy, which declined the most at the shortest precue delay. In addition, because the drug significantly increased omission errors at both short and long delays, sustained attention may also have been impaired. These findings are consistent with previous reports of scopolamine's effects on attention (Jones and Higgins, 1995; Ruotsalainen et al., 2000) . However, unlike the animals in those studies, the rats in the present study showed no increase in premature response rate in response to scopolamine. The reason for this discrepancy is unknown.
PBDE Exposure Alters Sensitivity to Scopolamine's Effects on Attention
Although controls demonstrated the expected attentional deficits in response to cholinergic blockade, performance by the DE-71 animals was relatively resistant to this manipulation. More specifically, when compared to controls, the DE-71 animals demonstrated subsensitivity to the effects of scopolamine on omission errors at the middle and high doses. There was also a significant interaction between treatment, dose, and delay for omission errors: the subsensitivity to scopolamine in the DE-71-exposed rats was greatest for trials in which the cue was preceded by the longest delays (3 s and 6 s). The specificity EARLY PBDE EXPOSURE, LEARNING, AND ATTENTION of the treatment differences in sensitivity to scopolamine's effects suggests that developmental DE-71 exposure produced alterations specifically in cholinergic networks that are important for sustaining attention, such as the basal forebrain neurons that project to the frontoparietal cortex (Robbins et al., 1989) . In contrast, the treatment groups did not differ in their response to scopolamine's effects on motivation or motor function, as was evidenced by nonsignificant treatment by dose interactions for alcove, response, or reward latencies.
These findings suggest that early postnatal DE-71 exposure produced lasting alterations in cholinergic functioning, specifically in systems that normally mediate sustained attention. This evidence for altered cholinergic activity is consistent with research in which rats orally administered 8.0 mg BDE 99/kg on PND 10 demonstrated altered responsivity to nicotine, a nicotinic cholinergic agonist , and in which animals orally administered 9.0 mg BDE 153/kg on PND 10 showed a significant decrease in the density of nicotinic receptors in the hippocampus (Viberg et al., 2003) . These findings, together with the subsensitivity to scopolamine noted in the present study, may indicate that exposure to DE-71 produces lasting changes in some presynaptic aspect of cholinergic functioning, such as neuron number, acetylcholine production, or acetylcholine release.
One possible mechanism by which DE-71 could alter cholinergic system development is through its disruption of thyroid hormone homeostasis (Hallgren et al., 2001; Zhou et al., 2001 Zhou et al., , 2002 . During the early postnatal period in rodents, experimentally induced hypothyroidism leads to reduced expression of ChAT, the enzyme responsible for catalyzing acetylcholine production . Therefore, it is plausible that reduced ChAT activity would be found in animals exposed to PBDEs, particularly when the exposure corresponds with the brain growth spurt, as was the case with the animals in the current study. However, because thyroid hormone levels were not assessed in this study, the possibility cannot be ruled out that the altered sensitivity to scopolamine in the DE-71-exposed rats is due to other known effects of this compound, such as androgen receptor antagonism (Stoker et al., 2005) , aryl hydrocarbon receptor (AhR)-mediated induction of hepatic enzymes (Kuiper et al., 2004; Zhou et al., 2001) , or alterations in protein kinase C activation or intracellular calcium uptake (Kodavanti and Ward, 2005) . Furthermore, if thyroid hormones were altered in the DE-71-exposed rats, the possibility cannot be ruled out that the observed effects in this study were due at least in part to hypothyroid-induced alterations in other neurotransmitter systems, such as the dopaminergic system, that are sensitive to thyroid hormone variations in development (Vaccari et al., 1990) .
If exposure to DE-71 disrupted the development of cortical cholinergic functioning, then why did the DE-71-exposed animals fail to demonstrate impairments in the sustained attention task in the absence of scopolamine? A recent lesion study suggests that neonatal cholinergic forebrain lesions, unlike adult lesions, do not produce attentional deficits (Pappas et al., 2005) . It is possible that other structures or systems take over the function of the missing cholinergic projections if the insult is incurred early in life. Therefore, while the DE-71-exposed animals demonstrated an altered response to scopolamine, neural or behavioral compensation for impaired cholinergic development may have prevented deficits in the attention task. Further characterization of the state of cholinergic neurons in DE-71-exposed animals will be required to test this hypothesis.
CONCLUSIONS AND FUTURE DIRECTIONS
The findings in this study provide evidence for lasting behavioral alterations in rats exposed to DE-71 for a brief period in neonatal development. The exposed rats demonstrated impaired visual discrimination learning, in addition to a blunted response to the effects of cholinergic blockade on sustained attention. The DE-71 rats' subsensitivity to the effects of scopolamine in the attention task provides evidence that even this brief period of exposure produced lasting alterations in the cholinergic system. Polybrominated diphenyl ethers may cause their neurotoxic effects by inducing developmental hypothyroidism, which in turn leads to reduced ChAT levels and low levels of cortical acetylcholine in adulthood. Future studies should investigate whether brief postnatal DE-71 exposure is accompanied by both reduced thyroid hormone levels and reduced ChAT levels or cholinergic neuron numbers in the adult forebrain.
